INTRODUCTION
By the early twentieth century the thickness of the crust beneath continents was known to be typically of the order of 30-40 km. The boundary between the continental crust and the underlying mantle was recognized first by Andrija Mohorovičić, who interpreted seismic arrivals from an earthquake on 8 October 1909 that occurred 40 km from Zagreb as reflections from the base of the crust.
1 Subsequently it became apparent that the discontinuity that caused these reflections is widespread beneath continents across the world, 2 and it came to bear his name (though usually abbreviated just to the 'Moho'). But the crustal thickness beneath the 70% of the surface of the planet that lies underwater was unknown. This was because there were no seismometers on the seabed anywhere in the world.
In this article we discuss how the technology of the seismic equipment for use at sea developed extremely quickly in the years following the Second World War. Much of the academic work in the immediate post-war period was driven by young men with a maturity developed by their contributions to the war effort who were willing, in the face of a general shortage of funds, to build and improvise equipment that was often developed originally for other purposes and to devise innovative instruments. Within just a few years it was discovered that the crust was thin beneath all the oceans, and, apart from relatively minor improvements in details, little has changed in our understanding of oceanic crustal structure in the 60 years since then. This in turn underpinned the proposal of seafloor spreading in 1963 by two Cambridge scientists, Frederick J. Vine ('Fred'; FRS 1974) and Drummond H. Matthews ('Drum', 1931 -97; FRS 1974) , 3 and its rapid acceptance. The introduction of the concept of plate tectonics in the late 1960s, which followed the seafloor spreading hypothesis, revolutionized understanding of the Earth. 4 Earthquakes, as used by Mohorovičić, are powerful sources of seismic energy, but it is impossible to predict when or where they will occur. So, if you wanted to know about the crustal structure of a particular region of the Earth you had to produce your own seismic energy using so-called controlled source seismology. Typically, this was done by letting off large explosions and then recording the arrivals from the explosions at seismometers deployed at varying distance from the source. 5 This became known as the seismic refraction method because the seismic energy was refracted through the earth by the variation in the speed at which the seismic waves passed through it, in the same way that light is bent by prisms. As the source and receiver separation increased, so signals could be received from greater depths. This approach was straightforward on land, but much more difficult at sea.
In the years immediately preceding the Second World War, and in the decade following it, two distinct strategies were developed to overcome the technical challenge of recording seismic refraction profiles at sea. In the USA, the technique replicated that used on land, by using one stationary ship to deploy a seismometer on the seabed and another to drop explosive charges at varying distances from the receiving ship. This two-ship method became the standard method for American surveys across the oceans, although in deep water they deployed a hydrophone under the ship rather than dropping a seismometer all the way to the seabed. 6 Meanwhile a group in the Department of Geodesy and Geophysics at the University of Cambridge in the UK developed a different approach: using just one ship to fire explosives while underway, with the seismic signals received on hydrophone sensors suspended beneath free-floating sonobuoys. The seismic signals 3 Frederick J. Vine and Drummond Hoyle Matthews, 'Magnetic anomalies over oceanic ridges ', Nature 199, 947 -949 (1963) . 4 Naomi Oreskes (ed.), Plate tectonics: an insider's history of the modern theory of the Earth (Westview Press, Boulder, CO, 2001) .
5 By the end of the twentieth century non-destructive, highly repeatable energy sources known as airguns, which relied on the expulsion of high pressure air to form an underwater oscillating bubble, had replaced explosives for all but the longest-range experiments. Early work on developing prototype airguns was also done in the Department of Geodesy and Geophysics, Cambridge University by John Jones as part of his PhD; E. J. W. Jones, 'Seismic reflection profiling at sea with a pneumatic sound source', unpublished PhD dissertation, University of Cambridge (1967) .
6 After the US Navy developed air-dropped disposable radio sonobuoys, these were also frequently deployed from ships by US researchers during marine seismic reflection profiling to provide short-range refraction profiles that, although limited by the radio range, provided information on the shallow sediments and crustal structure.
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from the sonobuoy were radioed back to a recorder on the ship and, as suitable recording methods became available, they were also recorded on board the sonobuoy so that data were not lost when it was beyond radio range. This approach using a single ship was driven in no small measure by the sparsity of funding in post-war Britain, because it was a lot cheaper to use one ship than two.
We here concentrate on the Cambridge group. The rate of technological development of sonobuoys was extremely fast. The leaders of this group, initially (Sir) Edward Bullard ('Teddy', 1907 -80; FRS 1941) and subsequently Maurice Hill (1919-66; FRS 1962) , had similarly developed new marine technology at a rapid rate during the war while working at the Admiralty, on anti-mine methods and countering submarine acoustic torpedoes respectively. 7 As often is the case with the introduction of new measurements and observations, the main scientific understanding of oceanic crustal structure followed quickly. Within a matter of a few years it was clear that the oceanic crust was much thinner than continental crust, typically only 5 -7 km thick, and that it was essentially the same beneath all the world's oceans. Interestingly, the two-ship method missed the observation that the high-velocity layer of oceanic crust (uninspiringly called 'Layer 2' and now known to be volcanic in origin) beneath the unconsolidated sediments ('Layer 1') was present globally beneath the oceans; in contrast, the sonobuoy method quickly established this important fact, which underpinned the theory of seafloor spreading.
8 As Russell Raitt wrote in 1963, 'The Cambridge method, using radiosonobuoys and a very close spacing of shot distance in the critical range, favors the observation of Layer 2'.
9
The context in which this rapid scientific work progressed was the Cold War standoff between the Soviet Union and the Western nations. Experience during the Second World War had shown the importance of submarine warfare and the sparsity of knowledge of the deep oceans in which those submarines operated. It was in the interests of the US and British navies to understand the oceanographic environment better.
10 This worked both ways: both the military and the civilian scientists benefitted, and many pure science advances were made on the back of defence funding. In the US, the navy funded both their own and civilian research, though often demanded priority in the use of equipment 7 Teddy Bullard, who initiated marine seismic work at Cambridge, commented subsequently that he was profoundly affected by his wartime experiences of working on counter-mine measures and, later, on the new technique that became known as Operational Research. He remarked that his time prior to that in the Cavendish ( physics department) in Cambridge gave him enormous confidence: there was a belief that Rutherford's boys could do anything that was do-able and could master any subject in a few days; Edward Bullard, 'The effect of World War II on the development of knowledge in the physical sciences', Proc. R. Soc. Lond. A 342, 519 -536 (1975) .
8 Two prominent American scientists wrote in 1955 in a review of two-ship seismic experiments at sea that 'Recent reports by the Cambridge and Scripps investigators indicate the presence of higher-velocity sediments or volcanics, but these do not appear to us to be universally present'; Maurice Ewing and Frank Press, 'Geophysical contrasts between oceans and continents', Spec. Pap. Geol. Soc. Am. 62, 1-6 (1955) . In a 1957 review, Maurice Hill, of Cambridge, who was familiar with the sonobuoy results, wrote that 'there is no good evidence that there are any major differences in the general deep-sea structure between all areas in which experiments have been made'; Maurice Hill, 'Recent geophysical exploration of the ocean floor', Prog. Phys. Chem. Earth 2, 141 -150 (1955 Cambridge radio sonobuoys and oceanic crust 3 that they had funded civilian laboratories to develop. 11 The US Office of Naval Research (ONR) also gave considerable funds to the Department of Geodesy and Geophysics in Cambridge. This included a $50 000 grant (more than $400 000 in today's money) in 1960 to develop equipment for marine geophysics and geology:
12 ONR grants to Cambridge continued for at least another 4 years.
Recognition of the power of technology led to a massive increase in marine scientific research after the war. 13 In post-war Britain the National Institute of Oceanography (NIO) was established in 1949. Such an institute had first been suggested in the summer of 1943 by Hydrographer of the Navy Sir John Edgell (1880 -1962 FRS 1943) , 14 and eventually the Admiralty funded the bulk of the costs in the early years. The first director, George Deacon FRS (1906 -84) , moved from the Admiralty Research Laboratory and remained director until 1971. 15 The Admiralty also purchased two ships from the Falklands Islands Dependencies for the use of the new institute, the Discovery II and the William Scoresby.
16
The universities had no such guaranteed access to ships or funding until the Natural Environment Research Council was founded in 1965. In his 1947 annual report on seismology at sea, as head of the Cambridge Department of Geodesy and Geophysics, Teddy Bullard rather pointedly commented: 'Unfortunately we have been unable to obtain a ship to continue the work this summer.' 17 However, by collaborating with other institutes, including the NIO, and by drawing on his wide network, including the Admiralty and the Royal Air Force as well as other academic institutes, Bullard was eventually able to get access to time on many other ships: for example, the small Cambridge marine group participated in 13 cruises in each of two successive years during 1966 -68.
THE TWO-SHIP METHOD: PRE-WAR EXPERIMENTS
The first attempts to extend the seismic refraction method from land to marine areas were performed in the shallow waters (less than 180 m) of the American continental shelf in 1935. 19 The sailing ship Atlantis from Woods Hole Oceanographic Institution was used to lower two geophones to the seabed, with explosive charges fired from a whale boat out to ranges of up to 14 km. To achieve deeper penetration of the refracted seismic energy, larger ranges are required: so for this they hand-augered holes onshore and fired explosives in them while the ship with the geophones moved successively further offshore.
In Britain, Teddy Bullard heard about the offshore experiments at a meeting of the International Union of Geodesy and Geophysics held in Edinburgh in 1936 and the next year visited the USA where he discussed the technique with Richard Field of Princeton and Maurice Ewing (1906 -74; FRS 1972) . 20 Bullard also went to sea for a few days with Ewing to see how the seismic work was done. 21 On his return to Britain, Bullard applied to the Royal Society for money to conduct a similar experiment in the English Channel. They awarded the funds and set up a committee to oversee the work. Bullard petitioned the Hydrographer of the Navy, who conveniently was chair of the same committee, for a ship and was given the use of the 850-ton survey ship HMS Jason with its whaleboat Stork for a week in July 1938.
After several trials in Lake Windermere, the Wash and Plymouth Sound, the equipment was ready. The seismometer was originally designed for land, but was encased in a waterproof enclosure with a heavy base plate. It was held approximately 4 m off the seabed and only lowered when the shot was to be fired. During the recording time window, cable was paid out as the ship drifted to stop the geophone being dragged along the seabed. The geophone signals were displayed on a modified six-channel photographic galvanometer recorder of a type used in sound ranging during the 1914-18 war and donated by the Royal Air Force Experimental Station. 22 A timing trace was produced by a 100 Hz tuning fork maintained in resonance by a valve-driven electromagnet. The shot was deployed from the Stork, with the detonation instant transmitted back to HMS Jason by radio.
Once at sea in the English Channel on HMS Jason, three geophones were deployed; but two were lost almost immediately as the cables tangled, so thereafter only one geophone was available. Up to 62 lb (28 kg) charges of TNT explosive were fired from the Stork (figure 1). 23 Despite bad weather that limited work, five 2.6-3.7 km-long refraction lines were shot. They showed for the first time that low-velocity sediments 200 -310 m thick overlaid much higher-velocity material interpreted as igneous rock similar to that outcropping on the adjacent land.
24
The success of the Jason experiment was extended a year later in June 1939 using two 60-ton Brixham sailing trawlers chartered by the Royal Society, the Renown and the Arthur Rogers. The plan was to extend the refraction lines further west over the continental shelf and to fire larger explosive shots: to do so, they took 1.5 tons of blasting gelatine with them. A new geophone in an oil-damped enclosure was developed that Cambridge radio sonobuoys and oceanic crust 5 could work either way up. The dynamic range of the recording was increased by shunting one recorder galvanometer to reduce the sensitivity to 20% of the other: this enabled both near-and far-range signals of differing amplitudes to be recorded without loss of waveform.
Another innovation was the use of a hydrophone lowered over the side of the recording ship to record the sound that had travelled directly through the water from the explosion. Since the speed of sound in water could be calculated for the water temperature and salinity, this enabled the range between the shot and receiver to be calculated accurately. The shot instant was transmitted to the recording ship by the breaking of a wire wrapped around the explosive charge, with the wire included in the modulator circuit of a 0.5 W 7 MHz radio transmitter. This time, using increased shot sizes of up to 70 kg of gelignite, a maximum range of 18 km was achieved. Although still not sufficiently far to record signals returned from the Moho, it showed that as the continental shelf edge was approached, the sediment thickness exceeded 2.4 km.
25
Remarkable film footage of the work at sea was shot using newly available Kodachrome colour film. 26 An account of the work at sea was provided by Tom Hepworth, the joint sailing owner of the Arthur Rogers, who reported: I think I had been vaguely expecting a lot of old men, with bushy eyebrows and grey beards, very absent minded. Not a bit of it. There were four of them, and only Dr Bullard, who was in charge, was older than myself; . . . All four of them spoke very fast, and their minds swung from subject to subject with such speed and precision that the rest of us felt like galleons chasing a 6-Metre to windward. He also commented that the apparatus 'all looked most Heath-Robinson, but it worked . . . and continued to work in the trying conditions of a small boat at sea'.
27
And then the war intervened and put an end to the research. During the war, among other things, Teddy Bullard continued marine work, developing anti-mine and anti-submarine procedures. 28 Meanwhile, Maurice Hill, who was destined to play a central role in the post-war development of marine seismic refraction methods at Cambridge, was also working for the Royal Navy on anti-submarine methods and on counter-measures to the German acoustic homing torpedo. 29 After the war ended he became a research student at Cambridge, initially under the supervision of Teddy Bullard.
As early as 1941, the US Navy experimented with moored sonobuoys and by 1943 expendable sonobuoys were deployed to track submarines. Over 160 000 of these were manufactured during the war, and used by both the US Navy and the Royal Navy.
30
Disposable sonobuoys became a standard tool for tracking submarines during the post-war era. By 1978 one company alone had built more than 2 million of them.
31 Although the disposable sonobuoys had been used exclusively to track noise radiated by submarines, it is almost certain that this knowledge underpinned the development in Cambridge of sonobuoys capable of recording explosive energy that had propagated through the Earth, thereby giving a way to probe the structure of the crust beneath the oceans.
DEVELOPMENT OF RADIO SONOBUOYS
Bullard suggested that Maurice Hill should continue the pre-war marine seismic refraction work for his PhD research. The first step was to remove the procedure of lowering both the geophone receiver and the shot to the seabed: not only was this tedious and time consuming, but it was impractical in the deep water of the oceans where the seabed is typically 3 -6 km beneath the surface. Bullard had realized in 1939 that both the shot and the receiver could be just 30 m below the surface, with the water layer treated as an extra layer in the problem. Hill took this up with enthusiasm when he started his PhD studentship in the autumn of 1946 and in short order had shown that a hydrophone near the sea surface worked as well as a geophone on the seabed (figure 2). For this work he used hydrophones borrowed from the Admiralty Mining Establishment, with laboratory and shipping assistance from the Marine Biological Laboratory at Plymouth. The next step was to try this in deep water. And here the scarcity of resources in post-war Britain played a crucial role in the equipment that was developed. Ships were hard to come by in Britain, so Hill decided initially to suspend the explosive charges from floating buoys with clockwork timers, using a single ship for receiving and recording the signals.
It quickly became obvious that it was dangerous to leave unexploded charges floating around under buoys, so he decided to swap the roles. Now the hydrophones would be suspended from floating buoys and the signals transmitted back to the receiving ship via radio. The receiving ship could then also fire explosives while underway, enabling many 27 Tom Hepworth, 'On the Atlantic Shelf: a trawler's cruise with a purpose ', Yachting Mthly 81, 70 -75 and 148 -151 (1946 Bullard 'Maurice Neville Hill, 1919 -1966 ', Biogr. Mems Fell. R. Soc. 13, 192 -203 (1967 Cambridge radio sonobuoys and oceanic crust shots to be fired along a single profile, with the range limited just by the radio reception range. There was a further advantage that several sonobuoys could be deployed at once, thus increasing the density of signal traces recorded along the refraction profile.
By 1949 Hill had built four radio sonobuoys. The radio transmitters and receivers were exAmerican Army frequency modulated (FM) systems operating at 42 MHz, with a 6 m dipole aerial. The quartz crystal hydrophone was suspended 40 m (130 ft) below the buoy, with a valve preamplifier. Power was provided by a 12 V car battery attached to the bottom pole of the buoy (figure 3). A DC to DC rotary convertor within the buoy provided the 200 V high tension required for the thermionic valves. The whole system weighed over 100 kg.
32
Now came the time to try them out in deep water. This time they convinced the Air Ministry to allow them to use the ocean weather ship Weather Explorer on one of its 4-week-long routine voyages in August 1949 (figure 4). They were allowed to move the ship within 55 km (30 miles) of its designated position, and completed firing a single seismic refraction line over three separate days, re-laying the buoys each time in 2.4 km (1300 fathoms) deep water. Taking advantage of the huge stock of munitions left over from the recently ended war, they detonated depth charges containing 90 kg (200 lb) of amatol explosive at 275 m depth (900 ft) as sound sources. A range of 40 km could be achieved before radio reception was lost. This allowed the geological structure to be constrained down to a depth of more than 5000 m below the seabed. 
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Those four buoys were then used on a round-the-world trip (figure 5) on the Admiralty survey ship HMS Challenger, which lasted 2.5 years during 1950 -52. Although only 22 years old, the ship had seen a hard life and was scrapped the following year. 34 But there was more to this trip than met the eye: its main, and secret, task was to take air and water samples to record for the Atomic Energy Authority any fallout in the atmosphere and shallow ocean from nuclear bomb tests. This meant that some parts of the ship were out of bounds to many of the all-volunteer crew. 35 Henry Charnock (1920 -97; FRS 1976) , in his biographical memoir of John Swallow (1923-94; FRS 1968) , wrote:
The products of the sampling were dealt with at the Atomic Energy Research Establishment at Harwell and the meteorological aspects, which must have constituted one of the first applications of the long-range tracking of atmospheric contaminants, -Schuman, New York, 1958) . Ritchie comments ( p. 241) that 'her hull had worn paper thin below, the upperworks were rusting beyond repair, and rust too was thrusting its way through the timbers of her deck. Twenty-two years is not a great age for a ship, but she had lived hard'.
35 Henry Charnock, 'John Crossley Swallow', Biogr. Mems Fell. R. Soc. 43, 507 -508 (1997) .
Cambridge radio sonobuoys and oceanic crust However, important pure science was piggy-backed on this strategic, political enterprise. The Challenger traversed the Indian, Pacific and Atlantic oceans as well as the Mediterranean Sea. A total of 48 seismic profiles were recorded by the research student John Swallow, 37 assisted by Tom Gaskell and Maurice Hill. Although the limitation of radio range meant that the Moho was only rarely reached, these profiles showed that the deep oceans generally had only thin sediments ( 0.5-1 km thick) and were underlain by high velocities typical of igneous crust. It was clear that this was quite different from 42, 277 -288 (1996) ; Eugen Glueckauf (1906-81; FRS 1969 ) also worked with Pasquill at Harwell at the time, and had shown in 1948 that an isotope of krypton could be used to constrain the world production of plutonium; see D. H. Everett, 'Eugen Glueckauf', Biogr. Mems Fell. R. Soc. 30, 191 -224 (1984) .
37 John Swallow joined the Cambridge department in 1948. Like Bullard and Hill, the navy had claimed his attention for the war effort; in Swallow's case, he spent 1943 -46 installing and repairing radio sets in warships, mostly at a naval base in Trincomalee, Ceylon. After his return to Cambridge, and having finished his physics degree (with a First), he was recruited to the marine geophysics group to do a PhD under the supervision of Maurice Hill. His PhD was devoted to using the radio sonobuoys on seismic refraction profiles.
continental crust, so the oceans were not underlain by foundered continental crust. Importantly, it also showed that the thin oceanic crustal structure and high-velocity upper crust recorded by American groups in 1950 and 1952 -53 using two-ship profiles in a relatively restricted area of the central Pacific were present in all the world's ocean basins.
38
These early marine expeditions often lasted many months, largely without communication from home other than occasional letters at ports of call or crackly telephone conversations over the radio. John Swallow's father died while he was at sea on Challenger. Yet this trip fostered in him a life-long love of sea-going and eventually he was to spend more than 10 years at sea and to reminisce in later years on the good times during the Challenger expedition. 39 John Swallow was famously hard-working throughout his life and felt compelled to write in the introduction to his PhD dissertation that 'It may well be thought that about 50 stations obtained in over 3 years on "Challenger" is a poor rate of working, and I feel compelled to make a few remarks on the reasons for this'. He then went on to explain:
In the first place, a ship engaged on surveying work, as the "Challenger" was, spends much of its time close inshore and in harbour, and in fact less than half our time was spent at sea. We had to make ocean passages according to time-table, and if the weather was unsuitable, interesting areas had to be passed over with usually no opportunity for returning. On the longer passages little spare fuel was available for carrying out experiments, or for alterations of course into areas of particular interest. The number of depth charges that could be carried was limited, and the difficulty of obtaining them in the more remote places meant that charges had sometimes to be saved for work in certain areas whilst others were passed in good weather. The limitation to days when the wind was less than force 4 meant that, for most of the year and in most of the places visited, only a few days per month were calm enough for refraction work to be possible. 40 In 1954 a new set of radio sonobuoys were developed that, at 23 kg, weighed less than onequarter of the early ones. They were far easier to deploy, but, with a radiated radio power of only 3 W and using dry batteries that lasted 24 h, they could still be used only for relatively short-range profiles, meaning that usually they could not record seismic arrivals from the deeper crustal layers and Moho. They still relied on valves throughout.
RADIO SONOBUOYS WITH INTERNAL FILM RECORDING
An obvious way to increase the range was to record the data internally in the buoy rather than relying on radio transmission. The task of building an internally recording sonobuoy fell to Timothy J. G. Francis as his PhD topic, which he started in 1960. 41 Funding for his scholarship came from the Shell International Petroleum Company, and the US ONR paid for the equipment. 42 Although magnetic tape recorders were becoming available, they used too much power to be practical. So, instead, two 12-channel galvanometers recording on 35 mm film were used: they had originally been built by the Woodhill Engineering Company in collaboration with the Admiralty Research Laboratory in Teddington for testing torpedoes. The engineering company built a larger film cassette to use 60 m (200 ft) of film rather than the original 12 m (40 ft). With the film running at 25 mm/s (1 inch/s) the longer film gave 40 min recording time. 43 The multiple channels allowed both high and low gain channels to be recorded, each at two different bandpass frequencies, thus allowing faithful recording of both near, high amplitude signals and distant, lower frequency signals. Transistors were now used in the buoy electronics, but the hydrophone retained miniature valves for the preamplifier. The relatively short recording time available on the film meant that continuous recording was not possible, so instead an ingenious system was developed to switch the recorder on for short periods using a radio signal transmitted from the ship using its powerful transmitter and received in the buoy using a modified domestic radio receiver. However, the range was still limited by the radio reception and in a subsequent development the acoustic signal transmitted through the water from a small explosive charge was used to switch on the recording in 40 John C. Swallow, 'Seismic investigations at sea', unpublished PhD dissertation, University of Cambridge (1954) , at p. 3. 41 In the 1950s and 1960s it was common for PhD students to develop the instrumentation for their research themselves; indeed, when Fred Vine was one of the first to use computers to model magnetic profiles recorded at sea, he felt compelled to write a disclaimer in his 1965 PhD dissertation that 'The "apparatus" used in this work has been a small library of computer programs"'. In fact, Vine's work was of huge significance because it led on to the postulation of seafloor spreading, which in turn underpinned plate tectonic theory.
42 Source of funding is reported in T. J. G. Francis, 'Seismic observations at sea with long range recording buoys', unpublished PhD dissertation, University of Cambridge (1964) , at p. v.
43 Francis, ibid., at pp. 6-8.
the remote buoy. The buoys retained a radio transmitter so that at short range the seismic signals could be received on the ship. This was useful not just to check that they were operating well, but also to aid recovery by allowing sound-ranging on the buoy after the refraction shooting was complete, since invariably the buoy drifted from where it had been deployed. By January 1962 two new recording sonobuoys were at sea in the western Atlantic on RRS Discovery II, and working well. Data were recorded out to 70 km, which on one profile allowed the oceanic crustal structure to be constrained down to the Moho some 12 km below sea level. 44 After this first success, the time base in the buoy was changed from a Smiths electric car clock to a 10 kHz crystal oscillator to improve the timing accuracy.
The recording buoys were then used together with three radio sonobuoys as a major contribution to the International Indian Ocean Expedition (IIOE) in late 1963, 45 on the second cruise of the new and white-painted RRS Discovery. The UK contribution was coordinated by the Royal Society's British National Committee on Oceanic Research, and included a series of profiles on a transect from offshore Kenya to the Seychelles Bank. Video of shooting a sonobuoy seismic line from RRS Discovery on the IIOE in 1963 can be seen online.
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Using explosive charges of up to 140 kg (300 lb), some of which were shot by HMS Owen, data were recorded to ranges of up to 180 km. This was now sufficient not only to map the relatively thin oceanic crust, but also to constrain the stretched continental crust offshore from east Africa, here some 20 km thick, and the 32 km-thick crust of the Seychelles Bank, interpreted as a continental block torn off Gondwana as it broke up. 47 Navigation in the ocean at this time was restricted to star sights and dead reckoning or radar-ranging from moored radar reflectors. A remarkable feature of the Seychelles Bank survey was that taut piano wire deployed from the shooting ship, HMS Owen, as it deployed explosive charges was used to measure accurate ranges out to 180 km.
48
The recording buoys could now be used anywhere, with their range limited only by the size of explosive charges that could be fired. But one of the problems with sonobuoys evident in this work was that they often drifted a long way from where they were deployed: on the Seychelles Bank profile they drifted 8 km in 10 h. That made them 44 Francis, op. cit. (note 42). 45 Funding for the International Indian Ocean Expedition (IIOE) did not come easily in Britain. In 1959 the Royal Society had established a new committee to advise on oceanographic work, the British National Committee for Oceanographic Research, but the bulk of the funding had still to come from the Treasury; for further discussion, see Robinson, op. cit. (note 10) . Indeed at one point George Deacon, the head of the National Institute of Oceanography, who ran the Discovery, threatened to lay up the Discovery owing to lack of funds. This would have prevented the Cambridge work in the Indian Ocean going ahead. British officials suggested that Bullard use his influence to obtain money for this from the United States, but he indignantly refused and the government officials backed down. This episode, and other politics related to the IIOE, is related by Hamblin, op. cit. (note 10), at p. 223.
46 Video of the use of Cambridge radio sonobuoys recording on 12-channel 35 mm film, with explosives firing from RRS Discovery and HMS Owen on the IIOE in 1963, https://youtu.be/6_zm5Q6RBX8 (accessed 8 March 2019). It includes narration by Sir Anthony (Tony) Laughton (FRS 1980) and includes shots of Timothy Francis, David (Dai) Davies and Robert (Bob) Whitmarsh, all four of whom were PhD students in the Department of Geodesy and Geophysics, University of Cambridge.
47 David Davies and Timothy J. G. Francis, 'The crustal structure of the Seychelles Bank', Deep Sea Res. 11, 921 -927 (1964) . There were 16 refraction profiles shot over the period from August to November 1963.
48 Taut wires were used to measure distances at sea by deploying piano wires from drums holding 120 miles (210 km) of wire. The technique was used from the early twentieth century by cable-laying ships, by the British Naval Surveying Service and by naval ships laying minefields, so the hydrographic survey ship HMS Owen was well equipped for this. A description of the equipment and method was given by Captain J. A. Edgell, the assistant hydrographer of the Royal Navy, at the Third International Hydrographic Conference held in Monaco on 22 April 1932; 'Taut wire measuring operations at sea', Hydrogr. Rev. IX(2), pp. 74 -75, https:// journals.lib.unb.ca/index.php/ihr/article/view/28430 (accessed 8 March 2019).
Cambridge radio sonobuoys and oceanic crust 13 difficult to locate and recover, and if there was significant seafloor relief or lateral variation in the crustal structure, their lateral drift made interpretation more difficult.
RADIO SONOBUOYS WITH MAGNETIC TAPE RECORDING
In 1964 the University of Birmingham geophysics department had engaged a commercial company, G&E Bradley, to design and construct six radio telemetry sonobuoys based on the Cambridge system for use in the Antarctic. Two years later, the Cambridge marine geophysics group bought six of the radio systems for use in their own buoys and a six-channel receiver for the ship. The hydrophone amplifier was the first department equipment to use integrated circuits with their lower power consumption: this extended the duration of the buoys to 7 days. By this time six engineers (including one of the authors, MM) had been employed in the department to do most of the development of both hardware and electronics of the instrumentation, though PhD students still played a central role in assisting their development and in their use.
One of the first deployments of four of the new radio buoys, together with two of the film recording buoys, was in the Red Sea in December 1967 from the small 96-ton former saltcarrying cargo ship Assab. One of the authors (MM) was on this cruise as a technician. Though they worked well, and this proved the concept of being able to work from small general-purpose ships rather than specialist research vessels, the two recording buoys were lost one stormy night: two large unidentified ships were seen in the vicinity, one with no navigation lights. This was only a few months after the Arab -Israeli Six-Day War, and it was concluded that the high power flashing lights on the recording buoys, which were visible to 10 km, had made them a target for the military. The annual report of the Department of Geodesy and Geophysics commented more coyly: 'We are concerned at growing losses of equipment at sea; this year we lost two photographically recording seismic buoys in the Red Sea which are believed to have been picked up by an unlighted vessel of unknown nationality.' 49 Over the next decade the capabilities of the sonobuoys were improved and they became the standard workhorse for marine seismic refraction work undertaken by the Cambridge marine geophysics group. During the 1970s this was led by Drum Matthews, with most of the research being in the Atlantic Ocean and Mediterranean Sea, and a return to the northern Indian Ocean continental margin off Pakistan, which was to be the last use of the sonobuoys.
By 1967 a new sonobuoy had been designed that used analogue recording on a magnetic tape recorder. A commercial UHER reel-to-reel tape recorder was chosen, based on its reliability and ruggedness-it was often used by press reporters in hostile environments. It was fitted with a four-track head and the capstan speed reduced to 15/32 inches per second. With 1800 ft triple play tape, it could record for 12 h. The seismic signal was FM onto a 3.375 kHz carrier, and both high and low gain channels were recorded on separate tracks. The 12 h recording duration was insufficient for continuous recording, so instead a programmable timer was used to switch the recording on for pre-set windows, abandoning the rather unreliable radio or acoustic triggering tried previously. Field-effect transistors were now available and so were used to replace the valves in the hydrophone preamplifier.
The final evolution of the sonobuoys was to rebuild the electronics using plug-in printed circuit boards (figure 6). Power demand was reduced by using low power CMOS (complementary metal oxide semiconductor) logic integrated circuits, which also allowed the power supply to be reduced to two 6 V lead -acid gel batteries.
The last major use of the Cambridge sonobuoys was in 1980 in the Indian Ocean by one of the authors (RSW). The seismic refraction technique had hardly changed since the Indian Ocean Expedition (IIOE) of 1963, though navigation now was improved by sparse (typically once an hour) Transit satellite fixes, with dead reckoning between fixes. Five sonobuoys plus one early ocean-bottom hydrophone were used on 180 km-long refraction lines, with explosive charges of between 25 and 200 kg. Interpretation used the same least-squares fitting to the arrival times of seismic waves picked manually off the recordings as in the first experiments in the 1940s. The long-range recording meant that the Moho could be reached and the thick sediment pile on the Makran continental margin, which here reached 14 km, could be constrained. 50 Thereafter the sonobuoys were phased out as ocean-bottom instruments replaced them, with the final sonobuoy deployment in the Atlantic Ocean in 1982.
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The manifest disadvantages of floating sonobuoys, drifting sometimes long distances with the wind and currents, subject to large wave noise and only able to record acoustic waves on their hydrophones, meant that their era was over for recording crustal seismic refraction profiles. 52 Over the previous decade it had become feasible to build ocean-bottom recording seismographs, with the advantages of being able to record three-component geophone data as well as hydrophone data, and of staying fixed in one, usually quiet, location on the ocean floor. The first seafloor version in the Cambridge department, known as a seabed seismic recorder (SSR), was built in 1966 by research student Robert ('Bob') Whitmarsh, using glass spheres to enclose the electronics. 53 Although this never operated in deep water, Bob Whitmarsh went on to build the first proper pop-up bottom seismic (PUBS) recorder in the UK while working at the NIO. The Cambridge group followed likewise, starting with ocean-bottom hydrophones and expanding to include three-component geophones. By 1983, 17 academic groups around the world in Canada, France, Japan, West Germany, the UK and the USA were known to be operating oceanbottom seismographs. 54 
DISCUSSION
In observational science, big scientific advances are often made through one or more of three innovations: building equipment that can measure something new; going to places that have not been studied before; or the application of new theory. The two decades or so when sonobuoys were pre-eminent for seismic refraction surveys display these elements well.
The development of sonobuoys in Cambridge was extraordinarily rapid in the 1950s and 1960s. Many of the young men (and they were all men at the time) who drove the instrumentation development went on to prominence within their scientific disciplines. They were used to mending and fixing things, and had hands-on experience both in the laboratory and at sea that gave them unusual self-reliance and confidence: once at sea on a typical month-long cruise, they had to rely solely on what they took with them. Long periods at sea were commonplace: for example, during his PhD developing an SSR, Bob Whitmarsh went to sea on seven different cruises, including four months on RRS Discovery in the Indian Ocean in 1963 and two months on RV Chain in 1964 learning the techniques of seismic refraction and reflection, followed by five cruises testing and using successive parts of his seabed recorder on the RRS Discovery, RV Platessa and RV 51 Christopher G. Potts, Andrew J. Calvert and Robert S. White. 'Crustal structure of Atlantic fracture zones. III: the Tydeman fracture zone', Geophys. J. R. Astron. Soc. 86, 909 -942 (1986) .
52 There was another significant use of disposable sonobuoys, which were designed to be dropped from an aircraft and to transmit by radio the acoustic signals from a hydrophone suspended beneath them: the transmitter was automatically switched off after a pre-set period of 1, 4 or 8 h. Many hundreds of thousands of these were used during the Cold War to track submarines at sea. With the end of the Cold War, surplus stock was often given to academics, who used them by launching over the side of an underway ship to record short-range seismic refraction profiles while making seismic reflection surveys using airgun sources.
53 Robert B. Whitmarsh, 'Explosion seismology on the sea bed', unpublished PhD dissertation, University of Cambridge (1967) .
54 For a review of early ocean-bottom seismometers, see Robert B. Whitmarsh and R. C. Lilwall, 'Ocean-bottom seismographs', in Structure and development of the Greenland -Scotland Ridge: new methods and concepts (ed. M. H. P. Bott et al.), pp. 257 -286 (Plenum, New York, 1983) .
Andromède during 1965 -66. Nowadays, with cruise lead times commonly of several years, such repeated and rapid sea-going as equipment is developed can only be dreamed of by PhD students.
Technological innovations were extremely rapid during this time, as the students and technicians pushed the limits of the available technology, trying out and implementing new, creative ideas: they built their own precision clocks, graduating from tuning forks and electric car clocks to crystal-controlled oscillators; developing FM for analogue recording on adapted domestic tape recorders; trying out different radio and acoustic transmission techniques for triggering recording, and so on. Electronic innovations were rapidly appraised and implemented, moving from valves, to transistors and on to integrated circuits and printed circuit boards. The only major technological change that never made it into sonobuoys was digital recording.
But it should not be forgotten that work at sea is expensive. In the Cold War period, much of the underpinning money came from government research funds, often with defence requirements as much in mind as pure science: whether explicitly acknowledged or not, marine scientists certainly benefitted hugely from this, and many major scientific advances were made. Teddy Bullard wrote that one of the lessons they had learnt during the war was 'how to use the Government machine, how to get one's way with committees, how to persuade people with arguments suitable to their backgrounds and prejudices and how realistically to assess the means needed for a given end'. He was certainly an exemplar of this: he commented that he 'once took over a French battleship with no authority at all and with no murmur of disapproval'.
55
The second aspect was going to new places. The deep oceans in the mid twentieth century were little explored except along the narrow strips surveyed by cable laying ships and close inshore. The sonobuoys were used around the world as soon as they were operational, both on research vessels and on small chartered boats. Within just a few years it was apparent that oceanic crust was everywhere much the same, was thin, had an igneous composition and generally had little sediment cover. As is often the case, this low-hanging scientific fruit was harvested almost immediately the new equipment was built and deployed, and the primary story has not changed except in minor details in the six decades since then.
The third aspect, that of the development of new theory, is an interesting exception to this narrative. The physics of optics and of wave propagation were well understood long before the marine geophysics explorations discussed here. The problem was not the theory, but its application to observational data, which had to await the development of computers sufficiently powerful to model the seismic waveforms realistically. Until the late 1970s, the interpretation of seismic refraction lines depended on simple ray theory, assuming linear ray paths through a small number of homogenous uniform-velocity layers. Some of the first seismic interpretations that were assisted by synthetic seismogram modelling were made on hydrophone data recorded by the Cambridge sonobuoys.
56 Fittingly for this story, these first synthetic seismogram models were again used to refine models of oceanic crust, the target of some of the earliest uses of sonobuoys. But the advent of ocean-bottom recording which meant that three-component ground motion could be 55 Bullard, op. cit. (note 7) . 56 C. M. R. Fowler, 'Crustal structure of the Mid-Atlantic Ridge crest at 378N', Geophys. J. R. Astron. Soc. 47, 459 -491 (1976) ; R. S. White, 'Oceanic upper crustal structure from variable angle seismic reflection-refraction profiles', Geophys. J. R. Astron. Soc. 57, 683 -726 (1979) .
Cambridge radio sonobuoys and oceanic crust recorded and modelled with synthetic seismograms, 57 rather than just the hydrophone (acoustic) data available from sonobuoys, signalled that sonobuoys were now obsolete. Apart from short-range disposable sonobuoys used in conjunction with underway seismic reflection profiling, the era of sonobuoys was over.
